A conical intersection exists between the ground ͑1 2 AЈ) and the first-excited ͑2 2 AЈ) electronic potential energy surfaces ͑PESs͒ of the H 3 system for C 3v geometries. This intersection induces a geometric phase effect, an important factor in accurate quantum mechanical reactive scattering calculations, which at low energies can be performed using the ground PES only, together with appropriate nuclear motion boundary conditions. At higher energies, however, such calculations require the inclusion of both the 1 2 AЈ and 2 2 AЈ electronic PESs and the corresponding nuclear derivative couplings. Here we present ab initio first-derivative couplings for these states obtained by analytic gradient techniques and a fit to these results. We also present a fit to the corresponding 1 2 AЈ and 2 2 AЈ adiabatic electronic PESs, obtained from the ab initio electronic energies. The first-derivative couplings are compared with their approximate analytical counterparts obtained by Varandas et al. ͓J. Chem. Phys. 86, 6258 ͑1987͔͒ using the double many-body expansion method. As expected, the latter are accurate close to conical intersection configurations but not elsewhere. We also present the contour integrals of the ab initio couplings along closed loops around the above-mentioned conical intersection, which contain information about possible interactions between the 2 2 AЈ and 3 2 AЈ states.
I. INTRODUCTION
The quantum theory of chemical reaction dynamics on the ground adiabatic electronic potential energy surface ͑PES͒ has developed appreciably over the years. It has been applied successfully to study the dynamics of reactions involving three atoms [1] [2] [3] and is being applied to reactions involving four 4, 5 or more atoms. For any polyatomic system involving three or more atoms, the ground and the first-excited adiabatic electronic PESs can intersect even if the corresponding states have the same symmetry and spin multiplicity. 6 These intersections, which are usually conical, occur quite frequently in polyatomic systems. The reason is that these polyatomic systems possess three or more internal nuclear motion degrees of freedom, and only two independent relations between three electronic Hamiltonian matrix elements are sufficient for the existence of doubly degenerate electronic energy eigenvalues. As a result, these relations between those matrix elements are easily satisfied and explain the frequent occurrence of conical intersections. Assuming the adiabatic electronic wave functions to be real and as continuous as possible in the nuclear coordinate space, if the polyatomic system is transported around a closed loop in that space ͑a so-called pseudorotation͒ that encircles a conical intersection geometry, these electronic wave functions must change sign. 6, 7 This change of sign has consequences for the structure and dynamics of the polyatomic system, as it requires the corresponding nuclear wave functions to undergo a compensatory change of sign, known as the geometric phase ͑GP͒ effect, [8] [9] [10] [11] [12] to keep the total wave function single valued. This sign change is a special case of Berry's geometric phase, 11 and is also referred to as the molecular Aharonov-Bohm effect. 13 It greatly affects the nature of the solutions of the corresponding nuclear motion Schrödinger equation. 12, 14 Accurate quantum mechanical reactive scattering calculations ͑on the ground electronic PES͒, with and without the GP effect included, have been carried out for the HϩH 2 system and its isotopic variants (DϩH 2 and HϩD 2 ) 14 -18 to obtain differential and integral cross sections. The cross sections obtained with the GP effect included were in much better agreement with the experimental results [19] [20] [21] [22] than those obtained with the GP effect excluded. Hence, the GP effect is an important factor in accurate quantum scattering calculations done on the ground adiabatic electronic PES.
A review of the one-and two-electronic state Born-Huang 23, 24 ͑also usually called Born-Oppenheimer͒ approximations has been given in detail elsewhere 12 and only the features pertinent to this paper are briefly summarized here. In the one-electronic-state approximation, the GP effect has to be imposed on the adiabatic nuclear wave functions in order to obtain accurate results at low energies. At energies above the conical intersection energy, when this approximation breaks down, the effect of the first-excited electronic PES has to be included explicitly in the scattering calculaa͒ Work done in partial fulfillment of requirements for Ph.D. in Chemistry.
b͒ Author to whom correspondence should be addressed; electronic mail: aron@caltech.edu tions to obtain accurate results. In the adiabatic representation, the GP effect still has to be imposed on each of the two state nuclear wave functions. In this two-electronic-state approximation, 12 the nuclear motion Schrödinger equation for an N-atom system is
Iϩ2W
(1)ad ͑ q͒"" R ϩW where R is a set of 3(NϪ1) nuclear coordinates ͑remaining after the removal of the center of mass coordinates͒, and q is a set of 3(NϪ2) internal nuclear coordinates obtained by removing from the set R three Euler angles which orient a nuclear body-fixed frame with respect to a space-fixed one.
As an example, for a triatomic system R can be a set of principal axes of inertia body-fixed symmetrized hyperspherical coordinates (,, ,a ,b ,c ), 12, 14 and q is then comprised of , , and since the remaining a ,b ,c , are Euler angles. In addition, I is a 2ϫ2 identity matrix, (q) are respectively, the first-derivative [25] [26] [27] [28] and second-derivative 25, 29, 30 nonadiabatic coupling matrix elements between the ground and firstexcited adiabatic electronic PESs. For the two-electronicstate approximation they are 2ϫ2 matrices, whose elements are defined by
where r is a set of electronic coordinates, and m and n refer to the ground or the first-excited electronic PESs. n ad (r;q) is an eigenfunction of the electronic Hamiltonian and satisfies the electronic Schrödinger equation
͑6͒ n ad (r;q) and ⑀ n ad (q) depend only on the internal nuclear coordinates q because the Coulombic interaction potential between the (N-atom͒ system's particles ͑nuclei and electrons͒, which appears in Ĥ el , depends only on their relative distances and hence these quantities depend on q but not on the three Euler angles which orient the nuclear frame with respect to a space-fixed one. This introduces small rotational coupling terms that are two orders of magnitude or more smaller than the remaining coupling terms and can be neglected. This leads to a subtle but important point implicit in Eqs. ͑4͒ and ͑5͒: although the right-hand sides of these equations contain R, the left-hand sides contain only q. Also, since " R and ٌ R 2 are, respectively, the gradient and 32, 33 that in general a perfect diabatic basis that makes that first term vanish for all nuclear geometries does not exist for a polyatomic system, and hence a finite part of the first-derivative coupling cannot be totally removed even in the diabatic representation. This part is referred to in literature as the nonremovable part. For systems having a conical intersection, W 1,2
(1)ad (q) has a singularity at conical intersection geometries. 34 This singularity along with some finite part of the coupling is removable upon an adiabatic to diabatic transformation and is hence referred to as the removable part. Mead and Truhlar 33 have shown how to calculate the removable part, but their approach is difficult to implement. 35 Over the years, a number of formalisms involving ͑quasi͒diabatic basis have also been put forward. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] This paper focuses on the calculation of high quality ab initio ground and first-excited electronic energies and the first-derivative couplings between them. The secondderivative couplings are generally assumed to be negligible as compared to the other terms in the Hamiltonian ͓Eq. ͑1͔͒, except at the conical intersection. 46 These accurate energies and first-derivative couplings will be used for transforming the two-state adiabatic problem expressed by Eq. ͑1͒ to a ͑quasi͒diabatic representation and will be incorporated into the quantum scattering formalism to calculate the effect of conical intersections on the dynamics of the chemical reactions at energies for which a minimum of two electronic states are required to obtain accurate results.
The HϩH 2 system is being used for this work because it is the simplest of the chemical reactions for which the concurrent bond breaking and bond formation can be studied in detail both experimentally and theoretically. Many quantum scattering calculations have been performed on this system. 14, 15, [47] [48] [49] [50] The equilateral triangle ͑C 3v ) configuration of H 3 corresponds to a conical intersection between the ground and the first-excited electronic states of the system. This conical intersection induces a GP that is important in studying the reactive scattering in the ground state. 12,14 -18,51,52 With the breakdown of the one electronic state Born-Oppenheimer approximation near 2.75 eV, which corresponds to the minimum of the first-excited PES, 53 both surfaces must be used in a scattering calculation for an ac-curate result to be obtained. Such two-state calculations should be performed and compared with the recent quantum scattering calculations 14, 15 done with and without the inclusion of the GP effect. This comparison is expected to provide an upper limit to the energy at which the ground state PES by itself, with an incorporation of the GP effect, is capable of furnishing a quantitative description of the reaction dynamics of the H 3 system and its isotopomers.
In this paper, we present the first-derivative nonadiabatic couplings between the ground and the first-excited PESs for the HϩH 2 system obtained from high quality ab initio wave functions and analytic gradient techniques over the entire nuclear internal configuration space. We also present a fit to the corresponding ground and first-excited electronic PESs and analyze the regions of that space for which the firstderivative couplings could affect the dynamics of the HϩH 2 reaction. For comparison, we also present the first-derivative couplings and the lowest two electronic PESs obtained analytically from the double many-body expansion ͑DMBE͒ method of Varandas et al., 54 as the DMBE couplings are designed to be accurate only in the vicinity of the conical intersection.
In Sec. II, we describe the methods used to obtain the first-derivative couplings and introduce their contour integrals. In Sec. III, we present a fit to the ab initio energies corresponding to the lowest two electronic PESs and compare them to the DMBE ones. We present and compare the ab initio and DMBE first-derivative couplings in Sec. IV, which is concluded by an analysis of the contour integrals of the ab initio couplings. In Sec. V, we provide a summary and conclusions.
II. THEORY AND NUMERICAL METHODS

A. Ab initio couplings and electronic energies
The first-derivative couplings are determined using an analytic gradient technique summarized in Ref. 55 . This technique is a significant improvement over the finitedifference techniques introduced previously 25,56 -59 and has been used recently in a number of problems to obtain electronic energies and first-derivative couplings. 42, [60] [61] [62] [63] Using it, the first-derivative couplings are first evaluated in terms of six atom-centered displacements 55 in the H 3 molecular plane and then transformed to standard internal mass-scaled Jacobi coordinates (R ,r ,␥ ). In addition to the derivative couplings associated with these coordinates, the coupling due to rotation in the molecular plane is also determined. This rotational coupling must equal the interstate matrix element of the z component of total electronic orbital angular momentum operator, L z e . 64, 65 This equivalence provides a measure of the precision of the derivative couplings presented in this paper and the two approaches agree to 1ϫ10 Ϫ6 bohr Ϫ1 . In this work, the first-derivative couplings and the ground (E 1 ) and first-excited (E 2 ), electronic PESs for H 3 were determined on a grid of 784 geometry points picked in the symmetrized hyperspherical coordinates ͑q:,, ) used previously 12, 14 and defined in detail in Sec. III. The adiabatic wave functions, first-derivative couplings, and electronic energies were determined from second-order configuration interaction ͑CI͒ [66] [67] [68] wave functions based on a three electron, three orbital, active space. The molecular orbitals were determined from a complete active space [69] [70] [71] state-averaged multiconfiguration self-consistent field 72, 73 procedure in which two 2 AЈ states were averaged with weights ͑0.505,0.495͒ based on (6s3 p1d) contracted Gaussian basis sets on the hydrogens.
After being evaluated in nuclear mass-scaled Jacobi coordinates as mentioned previously, the first-derivative couplings are transformed to the q coordinates (,, ) to obtain the first-derivative coupling vector, whose components in the , , and unit vector directions are defined as (1)ad has a pole at those geometries.
A three-dimensional cubic spline 74 interpolation of the components of the first-derivative coupling vector is performed using all 784 geometries. The vector resulting from this interpolation is presented and discussed in Sec. IV. The adiabatic electronic energies for the ground and first-excited states are fitted by a method that will be described in Sec. III.
According to Mead and Truhlar, 33 the first-derivative coupling vector can be partitioned ͑using the Helmholtz decomposition theorem 75 ͒ as 
where q 0 is a point along L at which we take ␤(q 0 )ϭ0. ␤ defined in this way is a particular diabatization angle that transforms an adiabatic basis to a diabatic basis. It should be noted that because of Eq. ͑14͒, this integral depends on q and q 0 , but not on the path L. In addition, if the integral in Eq. ͑15͒ is carried along a closed loop enclosing one or no conical intersections, due to the geometric phase theorem ␤ should change by or zero, respectively. 11, 42, 60 We can define another angular potential ⌽(q,q 0 ;L) corresponding to the W 1,2
(1)ad (q) analog of Eq. ͑15͒ by
This angle is called the open path phase if qÅq 0 . 78 It is also convenient to define the corresponding closed path phase ⌽ T , called the topological phase:
(1)ad (q) does not in general satisfy Eq. ͑14͒, these path integrals are no longer independent of the path L. It is also convenient to define the angle (L) by
͑18͒
where pϭ0 if L does not enclose any conical intersection and pϭ1 if it encloses one conical intersection. This angle is the closed path integral of the transverse part of the firstderivative coupling. A necessary but insufficient condition for the first-derivative coupling to be purely longitudinal is that (L) should vanish. 76 Since conical intersections produce large derivative couplings, large (L) have been interpreted in the past as indicating the existence of conical intersections with the first excluded state 42 or even to locate such intersections. 80 In Sec. IV, we present values of the topological phase between the first two states of H 3 over the entire nuclear configuration space and discuss the results.
B. DMBE couplings and electronic energies
Varandas et al. 54 have reported an analytical representation of the lowest electronic PES ͑1 2 AЈ) of HϩH 2 based on the DMBE method. For the DMBE fit, they used 267 ab initio points of Liu and Siegbahn, 81,82 31 points from Blomberg and Liu, 83 and 18 new ab initio points. Their ab initio calculations employed a primitive (9s3p1d) basis set contracted to ͓4s3 p1d͔. They first performed a completeactive-space-self-consistent-field calculation 69 with the three active orbitals to obtain eight configurations. It was followed by a multireference CI calculation with all single and double excitations out of that eight configuration reference space ͑MR-CISD͒. The fundamental form used for the DMBE fit has correct analytical properties 84 -87 for a PES exhibiting a C 3v conical intersection and is analytically continued to the first-excited electronic PES ͑2 2 AЈ). In the process, it yields a good representation of the first-derivative couplings in the vicinity of the conical intersection. In fact, it gives the leading terms of the longitudinal part of the first-derivative coupling vector, W 1,2,lon (1)ad (q). Varandas et al. 54 also mention that these leading terms ͑of the longitudinal part͒ can be determined from the adiabatic PESs, but the transverse part ͓W 1,2,tra (1)ad (q)͔ cannot be completely determined. Besides, in the vicinity of the conical intersection, W 1,2,lon (1)ad (q) diverges but the W 1,2,tra (1)ad (q) part stays finite and small. Hence, the leading terms that provide the longitudinal part give a good representation of the first-derivative couplings in the vicinity of the conical intersection.
Using the DMBE method, it has been shown 54,85 that the longitudinal part and hence the total DMBE first-derivative coupling vector can be approximated ͑assuming the transverse part to be zero over the entire configuration space͒ as Equations ͑19͒ and ͑20͒ have been obtained in our hyperspherical coordinates by replacing s by sin and by our in Eq. ͑48͒ of Ref. 54 . g 0 (), f 0 (), and f 1 () are some factors that depend only on the hyperradius . The original DMBE code was used in this work to obtain these longitudinal couplings and the two lowest PESs for H 3 . In the vicinity of the conical intersection, these longitudinal couplings are expected to be quite close to the ab initio firstderivative couplings. Using this criterion, a systematic mismatch in sign was found in those couplings and was removed by flipping the sign of g 0 () in the DMBE code. These DMBE couplings are presented and compared with the ab initio ones in Sec. IV. In Sec. III, the two lowest DMBE PESs for H 3 are compared to the PESs obtained from the fits of the ab initio energies.
III. AB INITIO AND DMBE ELECTRONIC ENERGIES
A. Fitting method
Any PES fitting procedure is expected to be reasonably simple, result in good agreement with the ab initio data, and have a physically realistic mathematical form to minimize the number of ab initio geometries needed to obtain a surface with correct features and topology. 88, 89 We have used a DMBE plus single-polynomial ͑DSP͒ fitting method based on the recent 90 generalized London-Eyring-Polanyi-Sato double-polynomial method as it satisfies most of the abovementioned criteria for fitting methods. The DSP method uses data from the DMBE fit to the lowest two adiabatic electronic PESs for H 3 . Since the original DMBE fit is explained in detail in Ref. 54 , we will only describe the DSP method here.
The DSP mathematical form used for the lowest two PESs for H 3 is the sum of two terms,
where nϭ1or 2 for the ground or first-excited PES respectively. The first term is the DMBE potential, 54 as it gives a good physical description of the two PESs. The second term is a single high-order polynomial multiplied by a switching function and modifies the initial DMBE potential to provide greater accuracy. With the three H atoms in H 3 labeled A ␣ , A ␤ , or A ␥ , this polynomial term is defined by
where R is the distance between A and A ( ϭ␣␤,␤␥,␥␣). The c n,i jk are coefficients and S n (q) are the switching functions. The switching function S is used to turn the single polynomial in E n POLY on and off in different regions of the internal nuclear configuration space. Terms up to fifth order (t 1 ϭ5) are used in the above-mentioned polynomial for the ground state PES and up to sixth order (t 2 ϭ6) for the first-excited PES. The sum extends over all possible sets of i, j,k satisfying the condition iϩ jϩkрt n . The switching function S is defined by S n ͑ q͒ϭs͑ y n,␣␤ ͒s͑ y n,␤␥ ͒s͑ y n,␥␣ ͒, ͑23͒
where s͑ y n, ͒ϭ1Ϫtanh͑ y n, ͒, ͑24͒
in which
The c n,i jk , a n , and ␥ n are variational parameters determined by the fitting method. The s(y n, ) terms in Eq. ͑24͒ turn the E n POLY term off for the asymptotic geometries. As a result, the asymptotic regions of the PESs have the correct diatomic behavior, included in the E n DMBE term. The slope parameter, ␥ n , having dimensions of a reciprocal length controls how rapidly E n POLY is made to vanish, whereas a n is a reference internuclear distance.
The DSP mathematical form is fitted to the ab initio data using a linear least-squares method to obtain the set of variational parameters (a n and ␥ n ) that minimize the root-meansquare ͑rms͒ error. Using an initial estimate of the parameters, the c n,i jk and the corresponding rms error ⑀ are determined by a linear variational procedure. a n and ␥ n are then varied and the determination of c n,i jk and ⑀ is repeated until that error is minimized. This procedure is carried out for both the ground and first-excited PESs, and the resulting PESs are examined with the help of equipotential contour plots in the corresponding two-internuclear-distance Cartesian space at fixed bond angles for any spurious features in these PESs. No such features were detected. The fitted ground PES 1 2 AЈ (E 1 DSP ) has a rms error with respect to the ab initio data of 0.31 kcal/mol and the corresponding error for the fitted first-excited PES 2 2 AЈ (E 2 DSP ) is 1.12 kcal/mol. The optimized parameters (a n and ␥ n ) are given in Table I and the corresponding optimized coefficients (c n,i jk ) are given in Table II . These fitted DSP PESs are also examined in hyperspherical coordinates with the help of equipotential contour plots at fixed hyperradii, as discussed in Sec. III B and compared with the corresponding contour plots for the DMBE PESs. FIG. 3 . Mapping of the point P of a constant hemisphere in the OX Y Z space onto a point Q on a plane tangent to that hemisphere at the intersection T of the OY axis with it, such that the length of the arc(TP)ϭTQ. The point P has , polar angles in the OX Y Z space and ,␥ in the OX Ȳ Z space. P is the projection of point P on the OX Y plane.
B. DSP and DMBE potential energy surfaces
Equatorial projection plots ͑Figs. 1 and 2͒ of potential energy surfaces in internal symmetrized hyperspherical coordinates (,, ) 12,14,91 provide useful information for reactive scattering calculations that use these coordinates. These plots are obtained as follows. Let the arrangement channel (1)ad , ground state energy (E 1 ), and first-excited state energy (E 2 ) for ϭ2 bohr and ͑a͒ ϭ1°; ͑b͒ ϭ30°; ͑c͒ ϭ60°; ͑d͒ ϭ90°͑collinear͒. The scale in bohr Ϫ1 refers to coupling vectors, and that in bohr to the Cartesian coordinates associated with the middle column plots ͑see Sec. IV A͒.
͑26͒
where is the reduced mass of A A , , the reduced mass of the A ,A A pair, and the system's overall reduced mass given by
, m being the mass of atom A (ϭ␣,␤,␥). We now define a set of symmetrized hyperspherical coordinates , ,␥ ͑Refs. 91 and 96͒, by where is independent of the arrangement channel. 92, 93 The corresponding internal configuration space Cartesian coordinates are defined by Z ϭ cos ,
͑31͒
where ␥ is the angle between R and r ͑or R Ј and r Ј) in the 0 to range and ,␥ are the polar angles of a point in this space. The alternate internal configuration space symmetrized hyperspherical coordinates , are defined as the polar angles associated with the interchanged axes OX ϭOZ , OȲ ϭOX , and OZ ϭOY for which we have X ϭZ ϭ sin cos , ͑32͒
Ȳ ϭX ϭ sin sin , ͑33͒
Z ϭY ϭ cos , ͑34͒
with and limited to the ranges given in Eq. ͑12͒. The coordinates used for Figs. 1 and 2 correspond to a mapping 91, 97 of the points P of a constant hemisphere in the OX Y Z space onto a plane tangent to that hemisphere at the intersection T of the OY axis with it ͑Fig. 3͒. Let Tx and Tȳ be, respectively, the intersection of the OZ Y and OX Y planes with that tangent plane. The corresponding x and ȳ of the map Q of the point P onto the tangent plane are then This mapping of P onto Q is not a perpendicular projection, but is one in which the length of the arc PT of the circle of center O on the constant hemisphere is equal to the length of the straight line TQ on the tangent plane.
To obtain such maps, we start out with a configuration of the molecule defined by the three internuclear distances R ␣␤ , R ␤␥ , and R ␥␣ and then calculate R Ј ͑the magnitude of R Ј), r Ј ͑the magnitude of r Ј), and ␥ . From the first two we calculate the mass-scaled distances R and r and then, with the help of Eqs. ͑27͒ and ͑28͒ we obtain and . Using Eqs. ͑29͒-͑34͒ and ͑12͒ we then calculate and and finally we obtain x and ȳ from Eqs. ͑35͒ and ͑36͒, respectively.
This mapping of the PES onto the x , ȳ tangent plane is called the equatorial view because it corresponds to a nonperpendicular arclength preserving projection of the constant hyperradius hemisphere on a plane tangent to it at the point on its equator defined by ϭ␥ ϭ/2. This permits the viewing of all three possible atom-diatom arrangement channels ͑for the triatomic reaction͒ as well as the regions for which the three atoms are at comparable distances from each other, for a fixed hyperradius . Maps of this kind have been used before. 90, 91, 98 In Figs. 1 and 2 , we present the equatorial views for the lowest two PESs for H 3 obtained by the DSP and DMBE fits. The plots display the C 3v symmetry of the H 3 system. Also, the circle at the edge of each plot corresponds to collinear geometries (ϭ/2) and the center of each plot corresponds to a conical intersection geometry (ϭ0). Figures 1͑a͒  through 1͑d͒ show the equatorial views of the equipotential contours of the 1 2 AЈ surface for the DSP fit (E 1 DSP ) to the ab initio data at constant values of the hyperradius . Figures  1͑e͒-1͑h͒ show the corresponding contours for the DMBE fit (E 1 DMBE ). Figures 2͑a͒-2͑h͒ show the corresponding equatorial views for the first-excited ͑2 2 AЈ) surface. The DSP and DMBE fits are extremely similar for the ground PES ͑1
2 AЈ), but show some differences in the first-excited PES ͑2
2 AЈ).
For the ground PES ͑1
2 AЈ) at ϭ2 bohr ͓Fig. 1͑a͔͒, there are no contours below 3.5 eV suggesting that at energies below 3.5 eV regions for which is smaller than 2 bohr (1)ad,DMBE , ground state energy (E 1 ), and first-excited state energy (E 2 ) for ϭ2 bohr and ͑a͒ ϭ1°; ͑b͒ ϭ30°; ͑c͒ ϭ60°; ͑d͒ ϭ90°͑collinear͒. The scales have the same meaning as in Fig. 4. will not be dynamically important. For all other ͓Fig. 1͑b͒-1͑d͔͒, contours as low as 0.5 eV exist suggesting the dynamical importance of these higher regions. In going from ϭ4 bohr ͓Fig. 1͑b͔͒ to ϭ6 bohr ͓Fig. 1͑c͔͒ to ϭ8 bohr ͓Fig. 1͑d͔͒, we are considering triatomic configurations whose overall size is increasing. For ϭ4 bohr the region near to the center of the figure corresponds to E 1 between 2.5 eV and a value less than 4.0 eV, whereas for ϭ6 bohr that energy lies between 4.0 eV and a value close to the dissociation limit of 4.75 eV and for ϭ8 bohr it is between 4.5 eV and that dissociation limit. This indicates that for large and stretched configurations of the system, which those regions correspond to, the system approaches dissociation, as expected. The first-excited PES ͑2 2 AЈ) is similar for both the DSP and DMBE PESs at ϭ2 bohr ͓Figs. 2͑a͒ and 2͑e͔͒ and at ϭ8 bohr ͓Figs. 2͑d͒ and 2͑h͔͒. At ϭ4 bohr, the DSP PES ͓Fig. 2͑b͔͒ has a 6 eV contour that spreads over the entire surface, whereas this contour is closed for the DMBE PES ͓Fig. 2͑f͔͒. On the other hand at ϭ6 bohr, the 5 eV contour spreads over the entire surface for the DMBE PES ͓Fig. 2͑g͔͒ but is closed for the DSP one ͓Fig. 2͑b͔͒. lytic continuation of the E 1 DMBE PES, E 2 DSP PES is lower than E 2 DMBE for most nuclear geometries. Overall, for the ground PES, the DMBE PES is accurate over the entire internal configuration space, but for the firstexcited state PES, the similarities between DSP and DMBE PESs at ϭ2 and 8 bohr and the differences between them at ϭ4 and 6 bohr indicate that the DMBE PES is accurate in the compact and asymptotic regions, but not in the strong interaction regions.
IV. RESULTS AND DISCUSSION
A. Ab initio and DMBE first-derivative couplings
The first-derivative coupling vector ͓W 1,2
(1)ad (q)͔ obtained using Eq. ͑8͒ had its three components defined in the , , and unit vector directions by Eqs. ͑9͒-͑11͒. These internal hyperpherical coordinates ͑q: , , ) defined in Sec. III B are identical to ordinary spherical polar coordinates except for the range of which is 0 to /2 for the former ͓Eq. ͑12͔͒ compared to 0 to for the latter. These internal hyperpherical coordinates span half a sphere ͑com-pared to the full sphere spanned by ordinary spherical polar coordinates͒. This property facilitates the visualization of the first-derivative coupling vector in the associated internal three-dimensional Cartesian coordinate configuration space. 
͑37͒
In the central panels of Figs. 4-7, we present a perspective view of the three-dimensional ab initio first-derivative coupling vector at points in this space with varying values of the hyperangle , for fixed values of the hyperradius and hyperangle . In Cartesian language, this is equivalent to varying x and y and keeping z fixed, as indicated by the dotted horizontal circles in those figures. The Cartesian components of this vector were obtained from Eq. ͑37͒. The leftmost panels contain the corresponding DSP ground state electronic energies plotted as vertical lines such that the energies can be read off from the length of those vertical lines. The rightmost panels contain the DSP first-excited state electronic energies plotted in the same way as the ground state electronic energies. Figures 8-11 present the same physical quantities but obtained by the DMBE method. The Cartesian components of the longitudinal part of the DMBE firstderivative coupling vector are also obtained from Eq. ͑37͒. Figures 4, 5, 6 , and 7 correspond to the fixed hyperradii of 2, 4, 6, and 8 bohr, respectively. The same is the case for Figs. 8, 9, 10, and 11. In all figures ͑4 -11͒, panel ͑a͒ ͑the first row of plots͒ corresponds to ϭ1°͑a value very close to the conical intersection geometries of ϭ0°), panel ͑b͒ corresponds to ϭ30°, panel ͑c͒ to ϭ60°, and panel ͑d͒ to ϭ90°͑collinear geometries͒. The tail end of the vectors lie on a circle that corresponds to a fixed on the hemisphere in hyperspherical coordinate space defined by a fixed hyperradius . This circle maps the full range of 0°-360°and is shown on the bottom face of all E 1 and E 2 panels. The coupling vectors shown in the central panels correspond to the configurations being mapped by this circle. Above each of these central panels two scales are given. The one in units of bohr corresponds to the internal nuclear configuration space corresponding to the full 0°-360° range spanned on the xy plane. The second one in units of bohr Ϫ1 corresponds to the three-dimensional space sampled by the x, y, and z components of the coupling vector. The two spaces coexist on the xy plane. In addition, in all figures the groundstate energies (E 1 ) have been cut off at 10 eV and the firstexcited state electronic energies (E 2 ) at 15 eV.
The first-derivative coupling vector plots at ϭ1°͓ panel ͑a͒ in Figs. 4 -11͔ have been included to show their behavior near the conical intersection. The ϭ90°͓panel ͑d͒ in those figures͔ case has been included, as it corresponds to collinear geometries for the triatomic system. This case is important for lower energies due to the collinear dominance of the H ϩ H 2 reaction at those energies, as will be discussed in Sec. IV C. The ϭ30°and ϭ60°cases ͓panels ͑b͒ and ͑c͒, respectively, in all figures͔ have been included to gauge the importance of the coupling vector away from the conical intersection as well as the collinear geometries.
For the DMBE case, the total first-derivative coupling vector ͓W 1,2
(1)ad,DMBE (q)͔ is equal to its longitudinal part (q)͔ was neglected over the entire internal configuration space. Figures 8 -11 show the DMBE's total ͑or 
longitudinal͒ first-derivative coupling vector and the corresponding ground and first-excited DMBE energies for comparison with the ab initio first-derivative coupling vector plots. In Sec. IV C, the comparison between DMBE and ab initio first-derivative coupling vectors is discussed, based upon their magnitudes and the corresponding ground and first-excited energies. This discussion will help locate the regions of the internal hyperspherical configuration space for the HϩH 2 reaction, for which the first-derivative couplings may affect the dynamics of that reaction.
B. The topological phase
In Sec. II A we mentioned how we can get some qualitative indication of possible non-negligible derivative couplings between the 2 2 AЈ and 3 2 AЈ PESs of H 3 . This involves calculating the topological phase ⌽ T (L) from Eq. ͑17͒ along closed loops around the conical intersection between the 1 2 AЈ and 2
by Eq. ͑18͔͒ is indicative of such non-negligible couplings ͑see Sec. II A͒.
In our symmetrized hyperspherical coordinates, q is a set of the three coordinates , , and . The above-mentioned original conical intersection between the 1 2 AЈ and 2 2 AЈ states lies along ϭ0°for all values of . is undefined at ϭ0°. To evaluate the integral in Eq. ͑16͒ along an open loop around that conical intersection, we take a circular path L given by a fixed value of 0°, a fixed , and varying along that path from 0 to an arbitrary value, according to
where W 1,2,
(1)ad (,, Ј) is defined in Eq. ͑11͒. These integrals are evaluated using the standard Simpson numerical integration quadrature. From here on, we will drop the 0 in ⌽( ,0;,) and just refer to it as ⌽( ;,).
In Fig. 12 we show the open path phase ⌽( ;,) as a function of evaluated using Eq. ͑38͒ for four values of ͑2, 4, 6, and 8 bohr͒ and four values of ͑1°, 30°, 60°, and 90°). For each and we then calculate the closed-loop integral ͑or the topological phase͒ ⌽ T . This corresponds to a complete loop around the conical intersection ͓ ϭ2 in Eq. ͑38͔͒ and is expressed as
͑39͒
In Fig. 13 we display this topological phase as a function of and for the entire (,) space considered in this paper.
C. Discussion
As mentioned in Sec. IV A, Figs. 4 -7 display the ab initio first-derivative coupling vector and the corresponding DSP ground and first-excited electronic state energies for ϭ2 through 8 bohr, in steps of 2 bohr. Each of the figures has four sets of panels: ͑a͒ ϭ1°͑triatomic geometries near conical intersection͒, ͑b͒ ϭ30°, ͑c͒ ϭ60°, and ͑d͒ ϭ90°͑collinear triatomic geometries͒. Figure 4͑a͒ (ϭ2 bohr and ϭ1°) corresponds to a very compact set of geometries near the conical intersection. Being near the conical intersection ͑where the two electronic states are degenerate͒, the ground (E 1 ) and the first-excited (E 2 ) state energies are close to each other and stay around 3.3 eV as a function of . The first-derivative coupling vector has a large magnitude ͑between 10 and 15 bohr Ϫ1 ) but its z component is very small compared to its length, due to a singularity at the conical intersection geometries. This dominance of the x and y components translates into a strong dominance of the component of the first-derivative coupling vector near the conical intersection. Figure 4͑b͒ ϭ2 bohr and ϭ30°) corresponds to a compact set of geometries further away from the conical intersection ͑but with the largest bond angle in the range 106°-120°and the smallest bond length around 1.5 bohr, as seen in Table III͒ . This manifests itself in the fact that for this the E 1 and E 2 energies are quite different from each other, the former staying above 3.1 eV and varying slowly between 3.1 and 3.5 eV as a function of with the latter staying around 6 eV and varying even more slowly with . The coupling vector is smaller in magnitude ͑with a maximum around 1 bohr Ϫ1 and an average around 0.5 bohr Ϫ1 ) than for Fig. 4͑a͒ due to its greater distance from the conical intersection configurations. Figure 4͑c͒ (ϭ2 bohr and ϭ60°) corresponds to compact geometries ͑with the largest bond angle in the range 140°-150°and the smallest bond length in the range 0.56 -1.14 bohr, as seen in Table III͒ even further removed from the conical intersection. The E 1 and E 2 energies are again quite different from each other, and vary more rapidly with than before ͓Fig. 4͑b͔͒. The E 1 energies vary between 4 eV and some value higher than 10 eV as a function of , while the E 2 energies vary between 7 eV and some value higher than 15 eV with . Both E 1 and E 2 display maxima at ϭ0°, 120°, and 240°. The coupling vector is again smaller in magnitude ͑with a maximum around 0.5 bohr
Ϫ1
and averaging around 0.3 bohr Ϫ1 ) than for ϭ1°͓Fig. 4͑a͔͒ but varies more rapidly with as compared to the ϭ30°c ase ͓Fig. 4͑b͔͒. The x, y, and z components are comparable with each other contrary to the ϭ1°͓Fig. 4͑a͔͒ and ϭ30°͓Fig. 4͑b͔͒ cases. Figure 4͑d͒ (ϭ2 bohr and ϭ90°) corresponds to compact collinear geometries with the smallest bond length in the range 0-1 bohr. The E 1 and E 2 energies are again quite different from each other, and vary even more rapidly with than before ͓Fig. 4͑c͔͒ with minima around 5 and 8 eV, respectively. Both E 1 and E 2 have maxima at ϭ0°, 120°, and 240°as for the ϭ30°c ase ͓Fig. 4͑c͔͒, as at these configurations two out of three atoms are superimposed on each other. The coupling vector is small ͑averaging around 0.5 bohr Ϫ1 ) as compared to the ϭ1°case ͓Fig. 4͑a͔͒, and has a negligible z component compared to the ϭ30°͓Fig. 4͑b͔͒ and ϭ60°͓Fig. 4͑c͔͒ cases. Both E 1 and E 2 energies over the entire ϭ2 bohr configuration ͑compact geometries͒ space are 3.1 eV or higher and are expected to be of dynamical importance only at energies slightly below that value or higher. Figure 5 presents the first-derivative coupling vector and the E 1 and E 2 energies for ϭ4 bohr. This hyperradius is of dynamical importance for energies significantly below the lowest conical intersection energy of 2.75 eV ͑which occurs at min ϵ2.6 bohr for the DMBE PES 54 ͒, and is also expected to be of importance at that energy and above since the conical intersection energy increases rather slowly with above min . The ϭ1°case ͓Fig. 5͑a͔͒ is similar to the one for ϭ2 bohr ͓Fig. 4͑a͔͒. E 1 and E 2 are close to each other and are approximately equal to 3.6 eV. The coupling vector has large x and y components ͑10 bohr Ϫ1 ) and a negligible z component, again translating into a strong dominance of its component near the conical intersection. At ϭ30°͓Fig. 5͑b͔͒, E 1 is as low as 1.5 eV, E 2 is 5 eV or larger, and the coupling vector has a smaller magnitude than for ϭ1°͓Fig. 5͑a͔͒. At ϭ60°͓Fig. 5͑c͔͒, E 1 is as small as 0.25 eV, E 2 is 6 eV or larger, and the coupling vector has about the same magnitude as that at ϭ30°͓Fig. 5͑b͔͒. At ϭ90°͓Fig. 5͑d͔͒, which corresponds to collinear geometries, E 1 can be as low as 0.2 eV and varies rapidly with than for smaller values of and E 2 is again 6 eV or larger. The coupling vector has a larger z component than for the lower values of discussed. Collinear geometries are important for low collision energies. 47 Their importance at energies close to and above conical intersection energies is likely to be signifi- cantly smaller or perhaps negligible but this remains to be determined by future scattering calculations.
For the ϭ6 bohr ͑Fig. 6͒ and 8 bohr ͑Fig. 7͒ cases, which correspond to triatomic large sized geometries ͑see Table III͒ , the electronic energies are fairly similar to the ϭ4 bohr case ͑Fig. 5͒. In both these cases, E 1 can be as low as 0.2 eV. The coupling vector magnitudes on the other hand are smaller on average and have sharper maxima compared to the ϭ4 bohr case at around ϭ60°, 180°, and 300°. They all have negligible z components, but their maxima occur in low energy regions. The coupling vectors presented in Figs. 6 and 7 may also affect the dynamics of the HϩH 2 reaction depending on their magnitudes.
A similar detailed analysis of the DMBE first-derivative coupling vectors ͑Figs. 8 -11͒ leads to the following conclusions. For ϭ 2 bohr ͑Fig. 8͒, the coupling vector has a z component which is negligible in the vicinity of the conical intersection (ϭ1°) and at the collinear geometries ( ϭ90°) but non-negligible in the intermediate regions. For all other values of the hyperradii (ϭ4, 6, and 8 bohr͒, that z component is negligible over the entire , space ͑Figs. 9-11͒, which indicates the dominance of the component. This stems from the fact that the DMBE coupling vector is purely longitudinal and given by Eqs. ͑19͒ and ͑20͒. A comparison of the DMBE first-derivative coupling vectors with the corresponding ab initio couplings confirms the previously stated fact that the DMBE's coupling vector has the right physical and quantitative behavior in the vicinity of the conical intersection. The differences between these two vectors, which occur even at low energies, stem mainly from the fact that the ab initio couplings include both a longitudinal part and a transverse part, whereas the DMBE couplings only include a longitudinal part, which is a good approximation to the ab initio longitudinal part in the vicinity of a conical intersection. Figure 12 shows the open path phase ⌽( ;,) for four values of ͑1°, 30°, 60°, and 90°) and four values of ͓͑a͒ 2 bohr, ͑b͒ 4 bohr, ͑c͒ 6 bohr, and ͑d͒ 8 bohr͔ as a function of as defined by Eq. ͑38͒. It shows how the open path phase ⌽ increases with along a loop around the conical intersection between the 1 2 AЈ and 2 2 AЈ electronic states. For the ϭ1°case ͑solid line in all four panels͒, to a very good approximation ͑0.2% or smaller difference͒ ⌽ is equal to /2 for all values of considered. This is clearly expected because ϭ1°is a region very close to the conical intersection and the /2 is a leading term of the diabatization angle in that region. For other values of , ⌽ fluctuates around some mean value proportional to . The deviation of this mean value from /2 is dependent both on and . Also, ⌽ returns to its mean value at regular intervals of 60°i n . As a result, we can approximate ⌽ by a sum of two terms, the first one being proportional to and the second more complicated one possessing the C 3v symmetry ͑of H 3 ) via a sin 3 dependence. The fluctuations in ⌽ about the mean value arise only from this second term and have an amplitude which increases monotonically with between ϭ2 bohr and ϭ8 bohr. This seems to stem from the fact that for a large value of , the length of the circular loop around the conical intersection is large, which leads to a large phase accumulation in these fluctuations. Figure 13 shows the topological phase ⌽ T (,) ͓defined by Eq. ͑39͔͒ as a function of and over the space of 2-10 bohr and the space of 1°-90°. ⌽ T ϭ180°values correspond to a purely longitudinal first-derivative coupling vector. Any deviation of ⌽ T (,) from this value suggests a nonzero transverse ͑nonremovable͒ part of the coupling vector. 42, 61 On the bottom part of Fig. 13 we show contours corresponding to fixed values of ⌽ T (,) ranging from 150°to 225°every 15°. The 180°contour has been shown in bold lines and its different segments labeled S 1 , S 2 , and S 3 . For small values of and all , the values of ⌽ T (,) stay reasonably constant and equal to 180°. This is expected because these small values of correspond to regions near the conical intersection, where the transverse component of the first-derivative coupling vector is expected to be negligible. This flat portion of the ⌽ T surface is quite narrow at small and gets wider as increases. Also, for small values of (Ͻ6 bohr͒ ⌽ T (,) first increases and then drops as a function of . Beyond ϭ6 bohr, ⌽ T (,) first drops somewhat and then increases slightly to a value under 180°as a function of .
The phase ⌽ T (,) plotted in Fig. 13 gives an indication of the presence of non-negligible derivative couplings in the regions of (,) space where it is different from 180°. In the present work, we have computed this phase over the entire dynamically important part of configuration space. In the absence of additional electronic state calculations, no method exists, to the best of our knowledge, that quantitatively correlates the deviation of this phase from 180°͑over the whole configuration space͒ with the non-negligible derivative couplings that arise from nonadiabatic interactions involving states outside the two-adiabatic-state space. The 180°con-tour segments S 2 and S 3 in Fig. 13 are embedded in regions of (,) configuration space, where ⌽ T (,) deviates substantially from 180°and hence are not expected to contain information about any glancing interaction or conical intersections between the 2 2 AЈ and 3 2 AЈ states of H 3 . Such is not the case for the S 1 segment. In Fig. 14 , we display this segment in two representations. Figure 14͑a͒ shows it in the X Y plane of Fig. 3 and Fig. 14͑b͒ in the regular -plane. The points corresponding to greater than 8 bohr have been indicated as dashed lines because they are a result of an extrapolation of the computed couplings and hence should not be used to draw any conclusions. Points below the solid curves correspond to extended regions of configuration space for which ⌽ T (,) deviates from 180°and indicates that the value of W 1,2,tra (1)ad is non-negligible in those regions. These solid curves seem to suggest the presence of intersection lines or avoided intersections between the 2 2 AЈ and 3 2 AЈ PESs in the (,, ) space, where might correspond to three possible sets of C 2v configurations. It can either be the (0°,120°,240°) set or the (60°,180°,300°) set, or even both. A possible conical intersection between the 2 2 AЈ and 3 2 AЈ states was suggested by Yarkony 42 earlier for H 3 . An alternate explanation may be that, at the values of of relevance to Fig. 14, the curl of W 1,2 (1)ad ͑or, equivalently, of its transverse part͒ is large. 100 Calculations of the energy of the 3 2 AЈ state of H 3 and of its first-derivative couplings with the 2 2 AЈ state are needed to help establish a quantitative correlation between possible conical intersections involving those two states and the topological phase between the 1 2 AЈ and 2 2 AЈ states. The regions of nuclear configuration space, where the effect of nonadiabatic couplings ͑between the 2 2 AЈ and 3 2 AЈ states͒ is being felt, have many low energy regions, suggesting that the nonremovable part of the nonadiabatic couplings ͑between the 1 2 AЈ and 2 2 AЈ states͒ cannot be ignored and may play a significant role in the dynamics of the HϩH 2 reaction, due to its presence in the diabatic nuclear motion Schrödinger equation.
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V. SUMMARY AND CONCLUSIONS
We have presented the results of accurate calculations of the first-derivative coupling vector between the 1 2 AЈ and 2 2 AЈ states of the H 3 system. These calculations were performed over the entire internal nuclear configuration space of this system of possible importance for its reactive scattering, up to total energies of about 5 eV. In addition, a fit ͑DSP͒ to its ground and first-excited electronic energies obtained by ab initio methods is given. The couplings are found to be nonnegligible even away from the conical intersection between these states, and can be used to obtain their longitudinal ͑removable͒ and transverse ͑nonremovable͒ parts. We have also compared our results with the DMBE ones, 54 which have built into them the right physical behavior in the vicinity of the conical intersection geometries. The DMBE ground-state electronic energies agree well with the DSP fit to the ab initio energies, while the first-excited ones show some significant differences. The DMBE couplings are purely longitudinal and hence fully removable upon an adiabatic to diabatic transformation. They compare well with the ab initio ones only in the neighborhood of the conical intersection, as expected.
We have also investigated the line integrals ͑along closed paths around the conical intersection between these electronic states͒ of the ab initio couplings over the entire nuclear configuration space considered. We found large deviations of the topological phase ⌽ T (,) from suggesting the existence of conical intersections between the 2 2 
